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Abstract
We discuss a supersymmetry breaking mechanism for N = 1 theories triggered by higher dimensional op-
erators. We consider such operators for real linear and chiral spinor superfields that break superymmetry
and reduce to the Volkov-Akulov action. We also consider supersymmetry breaking induced by a higher
dimensional operator of a nonminimal scalar (complex linear) multiplet. The latter differs from the stan-
dard chiral multiplet in its auxiliary sector, which contains, in addition to the complex scalar auxiliary
of a chiral superfield, a complex vector and two spinors auxiliaries. By adding an appropriate higher di-
mension operator, the scalar auxiliary may acquire a nonzero vev triggering spontaneous supersymmetry
breaking. We find that the spectrum of the theory in the supersymmetry breaking vacuum consists of a
free chiral multiplet and a constraint chiral superfield describing the goldstino. Interestingly, the latter
turns out to be one of the auxiliary fermions, which becomes dynamical in the supersymmetry breaking
vacuum. In all cases we are considering here, there is no sgoldstino mode and thus the goldstino does
not have a superpartner. The sgoldstino is decoupled since the goldstino is one of the auxiliaries, which
is propagating only in the supersymmetry breaking vacuum. We also point out how higher dimension
operators introduce a potential for the propagating scalar of the theory.
∗On leave of absence from Department of Physics and Astronomy, University of California Los Angeles, CA 90095-
1547 USA
1 Introduction
Supersymmetry is one of the most appealing candidates for new physics. It has not been observed
so far; thus, it should be broken at some high energy scale if it is realised at all. The central role
on how supersymmetry is broken is usually played by the scalar potential of the supersymme-
try breaking sector. Scalar potentials in supersymmetry and supergravity have extensively been
studied for two-derivative theories. Even though it is known that introducing higher dimension
operators spoils the form of the scalar potential, it seems that the theory somehow protects it-
self from unconventional non-supersymmetric vacua [1]. Our task here is to discuss how scalar
potentials are modified and may lead to supersymmetry breaking when higher dimension oper-
ators are introduced. The goldstone fermion associated with the supersymmetry breaking, the
goldstino, is described by the Volkov-Akulov action [2], in which supersymmetry is non-linearly
realized. In particular, the goldstino dynamics has been related in [3] to the superconformal
anomaly multiplet X corresponding to the FZ supercurrent [4]. The multiplet of anomalies X,
defined in the UV flows in the IR, under renormalization group, to a chiral superfield XNL which
obeys the constraint X2NL = 0. This constrained superfield is the realization of the goldstino given
in [5]. Since the dynamics of the goldstino is universal, the IR action in [3] is the same as in [5].
Constrained superfields have been used before to accomodate the goldstino. Indeed, there are al-
ternative formulations in which the goldstino sits in a constrained superfield, such as a constrained
chiral multiplet [6], a constrained vector multiplet [7], a spinor superfield [8], or a complex linear
superfield [9]. Constrained superfields have also been used recently in the MSSM context [10–13]
and in inflationary cosmology, where the inflaton is identified with the sgoldstino [14]. In addition
their interaction with matter has been worked out in [15].
Supersymmetric theories that contains higher dimension operators (derivative or non-derivative
ones) have some novel features [16–19]. Among these, an interesting aspect is that higher dimen-
sion operators can contribute to the scalar potential. This has been discussed earlier in [1] where
a few examples have been given. In particular, theories with no potential at the leading two-
derivative level, may develop a nontrivial potential when higher dimension operators are taken
into account and may even lead to supersymmetry breaking, as already mentioned above. At this
point there are however, two dangerous aspects. The first one concerns the appearance of ghost
instabilities. In the type of theories we are discussing, this instability is not present as the theory
does not have those higher derivatives terms which might give rise to such dangerous states. The
second issue concerns the auxiliary fields. Here, we are still able to eliminate the auxiliaries of the
multiplet since they appeared algebraically in the supersymmetric Lagrangian.
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We will consider various theories exhibiting supersymmetry breaking in the presence of higher
dimension operators. Special attention will be devoted to a globally supersymmetric model for
a complex linear multiplet. As we will explain in one of the following sections, the complex
linear multiplet, or nonminimal multiplet, contains the degrees of freedom of a chiral multiplet
and in addition, two fermions and a complex vector. At the two derivative level, both the extra
fermions and the complex vector are auxiliaries and can be integrated out, giving on-shell just
a free complex scalar and a fermion. Due to the constraints the complex linear satisfies, there
is no superpotential one can write down and the introduction of an F-term for non-derivative
interactions is not possible. So, one relies on modifying the D-term in order to get some non-
trivial interactions and an emerging potential induced by higher dimension operators [1, 17–19].
Under certain conditions, it may happen that the new potential develops another extremum
for the auxiliaries which break supersymmetry. In this case, new phases will emerge, only one
of which will be realized when the higher dimension operators interactions are turned off. It
should be noted however, that these new phases are not different phases of the same theory,
but rather different theories. The examples studied in [1] were not successful in this respect,
basically because the auxiliaries appeared in the higher derivative terms with the same sign as in
the leading two-derivative term. This has the effect that the minimum of the potential is stable
with respect to the addition of the higher dimension term. However, in the case of the complex
linear multiplet, the auxiliary in the two derivative term and in the higher derivative term appear
with opposite sign. This has the effect of introducing now a new minimum for a non zero value
of the auxiliary, thereby breaking supersymmetry. The interesting phenomenon that appears here
is that the goldstino turns out to be one of the auxiliary fermions of the multiplet, which in the
new vacuum acquires a kinetic term, but vanishes in the supersymmetric vacuum of the theory.
After integrating out the auxiliaries, we are left with a complex scalar, a fermion and a goldstino
without supersymmetric partner, as supersymmetry is broken. Therefore, there is a mismatch of
bosonic and fermion degrees of freedom as for example in Volkov-Akulov type of models where
supersymmetry is non-linearly realised [2].
This paper is organized as follows. In the next section we present theories with higher di-
mensional operators that exhibit susy breaking and the corresponding Volkov-Akulov actions. In
section 3 we describe the complex linear multiplet. In section 4 we show how higher dimensional
operators of the complex linear multiplet may lead to susy breaking and we prove the equivalence
to non-linear realizations. Finally, we conclude in the last section 5.
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2 SUSY Breaking and Volkov-Akulov Actions
One of the explicit examples considered in [1] to demonstrate that the scalar potential is sensitive
to the addition of higher dimension terms, is a supersymmetric σ-model with four-derivative
coupling. Its standard Lagrangian is1
Lσ =
∫
d4θK(Φ, Φ¯), (1)
where K(Φ, Φ¯) is the Ka¨hler potential. The latter can be considered as a composite vector
multiplet possessing an effective gauge (Ka¨hler) invariance
K → K + i(Λ− Λ¯), (2)
where Λ is a chiral superfield. As we are going to keep this invariance for the higher dimension
operators as well, we will construct the latter in terms of the superfield field strength
Wα = −1
4
D¯D¯DαK (3)
for the composite vector K(Φ, Φ¯). Then, clearly, the most general Ka¨hler invariant Lagrangian
up to four-derivative terms is
Lσ =
∫
d4θ K(Φ, Φ¯) +
(∫
d2θ g(Φ) + λ
∫
d2θW 2(K) + h.c.,
)
(4)
where g(Φ) is the superpotential and λ > 0. Without loss of generality, let us consider the simplest
case of a single chiral multiplet with K = ΦΦ¯ and g(Φ) = 0. Then eq. (4) turns out to be
Lσ =
∫
d4θ
(
ΦΦ¯ +
λ
2
DαΦDαΦD¯α˙Φ¯D¯
α˙Φ¯
)
(5)
and the scalar potential turns out to be [1]
− VF = |F |2 + 8λ|F |4. (6)
The minimum of the potential is at F = 0, which is also the minimum of the theory in the λ→ 0
limit.
1Our superspace conventions can be found in [20].
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2.1 Chiral Spinor Superfield
There are other possibilities one may wish to consider. For example, let us consider the La-
grangian [cfr. [3, 5]]
LW = 1
4
(∫
d2θW αWα + h.c
)
+
1
Λ4
∫
d4θW αWαW¯α˙W¯
α˙, (7)
where
Wα = λα + θαD + θ
βFαβ + θ
2χα, (8)
so that Wα is chiral but otherwise unconstrained and Fαβ = Fβα.
The component form of the Lagrangian (7) is
LW = 1
4
(D2 + 2χλ+
1
2
F αβFαβ + h.c.)
+
1
Λ4
[λ2∂2λ¯2 + (D2 + 2χλ+
1
2
F 2)(D¯2 + 2χ¯λ¯+
1
2
F¯ 2)]
− i 1
Λ4
(λαD − F αβλβ)σµαα˙∂µ(λ¯α˙D¯ − F¯ αβλ¯β˙) (9)
where
F αβ = ǫασǫβρFσρ, (10)
In the particular case that Wα is the field-strength superfield and satisfies D
αWα = D¯α˙W¯
α˙,
the Lagrangian has been worked out in [1, 19]. The Lagrangian (7) is of the form [3, 5]
LW =
∫
d4θ XX¯ +
Λ4
4
(∫
d2θ X + h.c
)
(11)
where X = W αWα satisfies
X2 = 0 . (12)
The explicit form of X is
X = W αWα = λ
2 + 2θβ(ǫβαD − Fβα)λα + (1
2
F αβFαβ +D
2 + 2χλ)θ2 (13)
with F αβ = ǫαρǫβσFρσ. By defining
Gβ = 2λβD − 2Fβαλα (14)
and noticing that, because λ2λα = 0,
5
G2 = λ2(4D2 + 2F αβFαβ) = λ
2(4D2 + 2F αβFαβ + 8χλ) ≡ 4λ2F , (15)
we get the parametrization of X in chiral coordinates [3, 5]
X =
G˜2
2F +
√
2θG˜+ θ2F . (16)
Here we have rescaled G =
√
2G˜. In a sense, Wα is the square root of the goldstino. If the
above form of X is plugged back in eq. (11), the Volkov-Akulov Lagrangian for the goldstino G is
obtained [3, 5].
We should note here that the resulting Lagrangian is written entirely in terms of the goldstino
Gα. One would expect the theory to propagate also its supersymmetric partner, the sgoldstino
to fill together a multiplet of the (broken) susy. However, it seems that the sgoldstino has been
integrated out from the theory. This is due to the fact that the original multiplet didn’t have
any propagating fields as both fermions χ, λ and bosons D,Fαβ were auxiliaries. In a sense, the
original theory can be considered as the zero-momentum limit (or infinite mass limit) of a theory
were all fields were propagating. This is equivalent to sgoldstino decoupling [3, 5, 10, 13, 15] and
we correctly find here that the goldstino is the only propagating mode in the susy broken branch.
A way to find the vev of F is from the bosonic part of (7), which turns out to be
LBW =
(
1
8
F αβFαβ +
1
4
D2 + h.c
)
+
1
Λ4
(
D2 +
1
2
F αβFαβ
)(
D¯2 +
1
2
F¯ α˙β˙F¯α˙β˙
)
. (17)
The are now two solutions for D,
i) D = 0 , (18)
ii) D2 = −1
2
F αβFαβ − Λ
4
4
, D¯2 = −1
2
F¯ α˙β˙F¯α˙β˙ −
Λ4
4
. (19)
The first solution is the supersymmetric Lorentz-invariant vacuum, provided Fαβ = 0, whereas
the second solution gives
F = −Λ
4
4
. (20)
Then 〈Fαβ〉 6= 0 clearly breaks supersymmetry but also Lorentz invariance at the same time.
However, it is possible to preserve Lorentz invariance if 〈Fαβ〉 = 0 and 〈F αβFαβ〉 6= 0 as required
by (19).
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In the particular case in which Wα is the field strength superfield, the bosonic part of (7) turns
out to be [19]
LBW = −
1
4
F µνFµν − i
8
ǫµνκλFµνFκλ +
1
2
D2
+
1
Λ4
{
1
4
(F µνFµν)
2 − F µνFµνD2 + 1
16
(ǫµνκλFµνFκλ)
2 +D4
}
. (21)
There are two solutions for D,
i) D = 0 , (22)
ii) D2 =
1
2
F µνFµν − Λ
4
4
. (23)
The first solution corresponds to the supersymmetric branch, whereas the second solution gives the
possibility < D2 > 6= 0 and may break supersymmetry. However, this is not a Lorentz-invariant
vacuum, since (23) requires a non-vanishing F µνFµν for supsersymmetry breaking. In particular,
since D2 is positive, this vacuum can only be sustained with a non-zero background magnetic
field.
2.2 Real Linear Multiplet
Another interesting example is provided by the Lagrangian
L =
∫
d4θ
(
−L2 + 1
64Λ4
DαLDαLD¯α˙LD¯
α˙L
)
, (24)
where L is a real linear multiplet. The grassmann expansion of the latter may be written as
L = φ+ θψ + θ¯ψ¯ − θσµθ¯Hµ − i
2
θ2θ¯σ¯µ∂µψ +
i
2
θ¯2θσµ∂µψ¯ − 1
4
θ2θ¯2∂2φ (25)
and satisfies
L = L¯ , D2L = 0. (26)
This implies that the vector Hµ is divergeneless
∂µHµ = 0. (27)
The action (24) can be written as
L =
∫
d4θ
(
−L2 + 1
64Λ4
XX¯
)
=
∫
d4θ
(
1
64Λ4
XX¯
)
+
(
1
4
∫
d2θX + h.c.
)
, (28)
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with
X¯ ≡ DαLDαL = 1
2
D2L2. (29)
Note that X¯ is antichiral, so X is chiral and obeys X2 = 0. Then the Lagrangian (28) is the
same as in [3, 5] (modulo normalization factors). In particular, X is explicitly written in chiral
coordinates as
X = D¯α˙LD¯
α˙L = ψ¯2 − 2θσµψ¯(i∂µφ+Hµ) + θ2[2i∂µψσµψ¯ + (i∂µφ+Hµ)2] (30)
therefore, it is chiral with auxiliary field F
F = (i∂µφ+Hµ)(i∂µφ+Hµ). (31)
The goldstino now is given by
Gα = −2σµαα˙ψ¯α˙(i∂µφ+Hµ). (32)
It is easy to see that the bosonic part of (28) is
LB = 1
2
HµH
µ − 1
2
∂µφ∂
µφ+
1
64Λ4
|(i∂µφ+Hµ)2|2 (33)
There is a supersymmetric vacuum Hµ = 0, φ = const. and a supersymmetry breaking one (with
φ = const. )
HµH
µ = −16Λ4. (34)
In this case, supersymmetry is broken and the theory reduces to the standard Volkov-Akulov
for the goldstino G. In spite of appearances, the vacuum solution (34) does not breaks Lorentz
invariance, since the divergenceless vector Hµ and ∂µφ combine into the unconstrained vector Aµ,
which does not propagate, because it has algebraic equations of motion. Therefore, a nonzero
constant vev for Aµ does not affect the dynamics since it either disappears from the Lagrangian
or it arranges itself into Lorentz-invariant composite quantitites. We also note that, after using
(30), the action (28) is written entirely in terms of the goldstino field Gα. Again here, similarly
to the spinor superfield case above, there is no superpartner of the goldstino. The sgoldstino is
decoupled as all fields before susy breaking were auxiliaries and therefore (28) may be consider as
the zero-momentum limit of a theory were these were propagating. In this limit, the sgoldstino
decouples and the theory describes a Volkov-Akulov model.
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3 Validity of the Volkov-Akulov Description
The theories above, as well as the one we will examine later, must be understood as effective IR
theories. If a supersymmetric UV completion existed, then the sgoldstino ϕ would have a large
but finite mass ms. It would interact with the goldstino through terms of the schematic form
κGαG
αϕ+ (m2s/2)ϕ
2 + ..., (35)
with a coupling constant κ = O(m2s/f). At energies below ms, the sgoldstino fields can be
integrated out, producing additional irrelevant operators weighted by inverse powers of the new
scale Λ′ = f/ms. Curiously, these additional interactions become negligible when the sgoldstino
is massive but lighter than
√
f : Λ′ ≫ √f → ms ≪
√
f . We will explicitly demonstrate this in
the case of supersymmetric theories with chiral multiplets.
Let us recall that in globally supersymmetry theory with n+1 chiral multiplets Φi, the Yukawa
couplings arise from the term
L ⊃Wij(φ)χiχj + h.c , i, j = 0, 1, ..., n, (36)
where φi, χi are the scalars and fermions of the chirals and Wij = ∂
2W/∂φi∂φj . The potential is
V = WiW
i, (37)
where the notation W i = (Wi)
† is used and let us assume for the moment that the Ka¨hler metric
is flat. The values of the fields in the ground state are
〈
φi
〉
= ai,
〈
F i
〉
= f i,
〈
ψi
〉
= 0 and the
equation of motions give
f¯i = −wi , wijf j = 0, (38)
where
wi = Wi(a
i) , wij = Wij(a
i) , ... (39)
The term (36) gives then rise to the interaction
L ⊃ wijkδφkχiχj + h.c, (40)
where δφi = φi − ai. Since supersymmetry is broken, the fermionic shifts will not vanish in the
vacuum
< δχi >= −fiǫ. (41)
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By an appropriate rotation of χi, we can define new fermionic fields χ˜i
χ˜i = Ri
jχj , (42)
where Ri
j is an appropriate matrix such that the non-zero fermionic shift are along a specific
direction, which we will call it (“0”)
< δχ˜0 >= −fǫ , < δχ˜a >= 0 , a = 1, . . . , n, (43)
with |f |2 = fif i. Clearly χ˜0 is the goldstino, which is defined then as
χ˜0 = R0
iδχi (44)
and the rest of the modes are given by
δχ˜a = Ra
iδχi. (45)
The matrix Rij is orthogonal and chosen to satisfy
Ra
ifi = 0 . (46)
When this equation is satisfied, then R0
i = fi/|f | so that the goldstino is
δχ˜0 =
fi
|f |δχi . (47)
Note that instead of rotating χi’s, we could have rotated the original superfields Φ
i so that the
goldstino belongs to the Φ˜0 goldstino superfield, which is a linear combination of the original fields.
According to (47), Φ˜0 is
Φ˜0 =
fi
|f |Φ
i. (48)
The rest of the superfields are given by
Φ˜a = Ra
iΦi; (49)
therefore, the sgoldstino is
φ0 =
fi
|f |φ
i. (50)
The interaction (40) is written then in terms of the new fields as
L ⊃ RinRjmRklwijkδφ˜nχ˜mχ˜l. (51)
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The possible Yukawa coupling of the golstino are
L1 ⊃ Ri0Rj0Rk0wijkδφ˜0χ˜0χ˜0 = |f |−3f if jfkwijkδφ˜0χ˜0χ˜0 = |f |−3 s δφ˜0χ˜0χ˜0 (52)
L2 ⊃ RiaRj0Rk0wijkδφ˜aχ˜0χ˜0 = |f |−2Riaf jfkwijkδφ˜aχ˜0χ˜0 = |f |−2Ria si δφ˜aχ˜0χ˜0 (53)
L2 ⊃ RiaRjbRk0wijkδφ˜aχ˜bχ˜0, (54)
where
s = f if jfkwijk , sk = f
if jwijk. (55)
We will show now that
s = 0 , si = 0 (56)
so that a globally supersymmetric theory the only trilinear Yukawa coupling is the one that
contains only one goldstino or one sgoldstino. For this, we need to recall that the fermionic mass
matrix mF = wij has a zero eigenvalue
mF ijf
j = 0 , (57)
and the bosonic mass matrix
M2B =
(
m†FmF σ
σ† mFm
†
F
)
, σij = wijkf
k (58)
is positive definite
〈
Ψ|M2B|Ψ
〉 ≥ 0. (59)
For
|Ψ〉 = ( fi
f i
)
(60)
we get, since mF annihilates f
i,
Re(f if jsij) ≥ 0. (61)
Moreover, since mF annihilates also e
iϕf i, where φ is an arbitrary phase, we get in general
Re(e2iϕf if jσij) ≥ 0 (62)
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which leads to
s = f if jσij = f
if jfkwijk = 0. (63)
Therefore, the coupling L1 vanishes and there is no (goldstino2 sgoldstino) coupling.
We can also prove that there is no (goldstino2 scalar) Yukawa coupling by showing that si = 0,
which means that L2 vanishes as well. By using (63), it is easy to see that in fact〈
Ψ|M2B|Ψ
〉
= 0 (64)
and since M2B is positive definite, M
2
B annihilates |Ψ
〉
M2b |Ψ
〉
= 0. (65)
Then, by using (57,63), we find
σijf
j = wijkf
jfk = 0. (66)
Therefore, si = 0 and the interaction L2 similarly vanish. As a result, in a globally supersymmetric
theory, the only Yukawa coupling that is allowed, is only L3, i.e., a single goldstino interacting
with a scalar and a fermion of the matter scalar multiplet or a single sgoldstino interacting with
two fermions of the matter scalar multiplet. In particular, this means that there is no way to
break supersymmetry just with a single chiral multiplet.
Let us now turn to the general case of a non-flat Ka¨hler metric gij¯. In this case, the bosonic
mass matrix is
M2B =
(
−Kj i + (m†FmF )ji σ
σ† −Kij + (m†FmF )i
j
)
. (67)
where
Kj i = Kj¯i = Kj¯im¯nf¯
m¯fk (68)
and Kj¯im¯n = Rj¯im¯n in normal coordinates. Now, the corresponding relation (59) for the positivity
of M2B does not lead to any conclusive relation. The Yukawa couplings originate from the term
L ⊃
(
Wij − ΓkijWk
)
χiχj + h.c. (69)
which gives rise to
L ⊃
(
Wijk − ∂kΓlijWl − ΓlijWlk
)
δφkχiχj + h.c.. (70)
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Rotating the fields such that again the goldstino is in the 0-direction as before, we get the inter-
action
L ⊃ s˜ δφ0χ0χ0 + h.c. (71)
where
s˜ = (Wijk − ∂kΓlijWl − ΓlijWlk)f if jfk. (72)
Clearly now s˜ 6= 0 as can easily be checked for the simplest case of a linear superpotentialW = fΦ.
In fact it is easy to see that if the scale of the Ka¨hler manifold is Λ then the sgoldstino mass is
ms ∼ f
Λ
(73)
and s˜ is of the order of
s˜ ∼ f
Λ2
∼ m
2
s
f
. (74)
Therefore, the effective coupling in the IR will be schematically of the form
m2s
f
χ0χ0φ0 − 1
2
m2sφ
2
0 + · · ·+ h.c (75)
which gives rise to a term of the form
L ⊃ m
2
s
f 2
(χ0χ¯0)2 (76)
after integrating out the sgoldstino. Such a term is supressed by the scale Λ′ = f/ms and therefore
it can be ignored as long as it is much larger than the Volkov-Akulov scale
√
f (Λ′ >>
√
f). In this
case, interactions like (76) can safely be ignored and the theory will be described by Volkov-Akulov
for
f
ms
>>
√
f. (77)
In other words, the Volkov-Akulov description is valid for
ms <<
√
f << Λ. (78)
This limit is the one considered in the models with constraint superfields in which the sgoldstino
can be safely integrated out resulting in a non-linearly realized supersymmetric Volkov-Akulov
theory for the goldstino mode. The V-A description is then valid only up to a UV cutoff equal
to the mass mlightest of the lightest particle mixing with the goldstino. This particle can be
the sgoldstino or one of the fermions orthogonal to the goldstino. Of course, as in all effective
Lagrangians, the V-A scale f must obey f > m2lightest.
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4 The Complex Linear Multiplet
We have explicitly demonstrated in the previous section that higher dimensional operators con-
tribute to the vacuum structure and may lead to supersymmetry breaking.
Here we will see that it is possible to break supersymmetry without intorducing any Lorentz
non-invariant vev.
The reason that the potential (6) cannot break superymmetry is that the two terms in (6),
coming from the two- and four- derivative terms of (5) have the same sign. Clearly, new extrema
can emerge only if these terms have opposite sign, i.e. if the first contribution coming form the
leading term in (5) flips sign. This can happen for the complex linear multiplet [21, 22].
The complex linear or nonminimal multiplet is defined as
D¯2Σ = 0. (79)
The constraint (79) above is just the field equation for a free chiral multiplet. Note that if the
further constraint Σ = Σ¯ is imposed, the complex linear multiplet turns into a linear one. The
standard kinetic Lagrangian for the complex linear superfield in superspace reads
L0 = −
∫
d4θΣΣ¯. (80)
Note the relative minus sign compared to the kinetic Lagrangian of a chiral multiplet. This is
necessary for the theory to contain no ghosts. The relative minus sign of the complex linear
multiplet Σ compared to the standard kinetic term for a chiral multiplet Φ can be understood in
terms of a duality transformation. Indeed, consider the action
LD = −
∫
d4θ
(
ΣΣ¯ + ΦΣ + Φ¯Σ¯
)
, (81)
where Φ is chiral and Σ is unconstrained. Integrating out Φ we get both eq. (80) and the constraint
(79). However, by integrating out Σ, we get Σ = −Φ¯. Plugging back this equality into (81), we
get the standard kinetic term of a chiral multiplet
L0 =
∫
d4θΦΦ¯. (82)
As announced, the overall sign in Lagrangian (82) is opposite to that of (80).
To find the superspace equation of motion, we should express Σ in terms of an unconstrained
superfield. This can be done by introducing a general spinor superfield Ψα with gauge transfor-
mation
δΨα = D
βΛ(αβ) (83)
14
where Λ(αβ) is arbitrary. It is easy to see that by defining
Σ = D¯α˙Ψ¯
α˙, (84)
Σ satisfies the constraint (79). Then the field equation following from eq. (80) is
DαΣ = 0 . (85)
Therefore, the field equation of a complex linear multiplet is just the constraint of a chiral multiplet
and, as noticed above, the constraint on a linear is the field equation of a chiral. This indicated
the duality between the two kind of multiplets, at least in the free case. The field content of the
complex linear multiplet Σ is revealed via the projection over components as
A = Σ|,
ψα =
1√
2
DαΣ¯|,
F = −1
4
D2Σ|,
λα =
1√
2
DαΣ|,
Pαβ˙ = D¯β˙DαΣ| , P¯αβ˙ = −DβD¯α˙Σ¯|,
χα =
1
2
D¯α˙DαD¯
α˙Σ¯| , χ¯α˙ = 1
2
DαD¯α˙DαΣ|. (86)
In other words, a complex linear multiplet contains a chiral multiplet (A, λα, F ) and an antichi-
ral spinor superfield (ψα, Pαβ˙, χα). Therefore, the complex linear multiplet is a reducible 12 +
12 dimensional representation of the N = 1 supersymmetry. It should be noted that since Σ
is not chiral, there is no superpotential and there are no supersymmetric non-derivative interac-
tions. However, the complex linear multiplet can still be consistently coupled to ordinary vector
multiplets of the N = 1 theory.
We give for later use the supersymmetry transformations of the fermionic components of Σ
δψα =
√
2iσµ
αβ˙
ξ¯β˙∂µA¯− 1√
2
ξ¯β˙P¯αβ˙ (87)
δχα = 2iσ
ν
αα˙σ¯
µα˙βξβ∂µP¯ν + iσ
µ
αα˙σ¯
να˙βξβ∂µP¯ν − 4ξα∂2A¯+ 2iσµαα˙ξ¯α˙∂µF¯ (88)
δλα =
√
2ξαF − 1√
2
ξ¯β˙Pαβ˙. (89)
The transformation rules of the bosonic sector of the complex linear multiplet are
δA =
√
2ξ¯ψ¯ +
√
2ξλ, (90)
δF =
i√
2
ξ¯σ¯µ∂µλ+
1
2
ξ¯χ¯, (91)
δPαβ˙ = −2
√
2iξγσµ
γβ˙
∂µλα +
√
2iξασ
µ
ββ˙
∂µλβ − ξαλ¯β˙ − 2
√
2iξ¯β˙σ
µ
αρ˙∂µψ¯
ρ˙. (92)
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In terms of the components of Σ, Lagrangian (80) is explicitly written as
L0 = A∂2A¯− FF¯ + i∂µψ¯σ¯µψ + 1
2
PµP¯
µ +
1
2
√
2
(
χλ+ χ¯λ¯
)
. (93)
The complex vector Pµ, the complex scalar F and the spinors λ, χ are auxiliary fields. Note that
the minus sign in front of the superspace action (80) guarantees that the scalar A is a normal field
and not a ghost. However, this choice of sign has flipped the sign of the FF¯ relative to the action
for a chiral multiplet. This flip of sign is of fundamental importance for what follows and leads to
supersymmetry breaking.
5 SUSY Breaking by Complex Linear Multiplets
As we have noticed before, although one can couple the linear multiplet to gauge fields [23–27],
one cannot write down mass terms or non-derivative interactions as in the chiral multiplet case
by means of a superpotential. So, the best we can hope for is to introduce a potential indirectly
by using the higher dimensional operators first discussed in [1]. The idea of [1] has been recently
revisited and the emergent potential for chiral and vector multiplets has been discussed in [17–19].
To achieve this, we introduce the following Lagrangian in superspace
LEP =
∫
d4θ
1
64Λ4
DαΣDαΣD¯α˙Σ¯D¯
α˙Σ¯, (94)
where Λ is a mass scale. Then, the theory is described by
LΣ = L0 + LEP
=
∫
d4θ
(
−ΣΣ¯ + 1
64Λ4
DαΣDαΣD¯α˙Σ¯D¯
α˙Σ¯
)
. (95)
By using the unconstrained superfield Φα, we find that the field equations are
DαΣ +
1
32Λ4
DαD¯α˙
(
DβΣDβΣD¯
α˙Σ¯
)
= 0. (96)
Clearly, the above equation always admits the supersummetry preserving solution
DαΣ = 0 . (97)
We are interested to investigate if another, supersymmetry breaking solution to (96) exists.
The component form of the bosonic part of eq. (94) is
LBEP =
1
64Λ4
(
P µPµP¯
νP¯ν + 4PµP¯
µFF¯ + 16F 2F¯ 2
)
, (98)
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so that the bosonic part of the full Lagrangian (95) turns out to be
LB =− FF¯ + A∂2A¯+ 1
2
PµP¯
µ
+
1
64Λ4
(
P µPµP¯
νP¯ν + 4PµP¯
µFF¯ + 16F 2F¯ 2
)
. (99)
From the equations of motion for the complex auxiliary vector we find that
Pµ = 0, (100)
whereas the equations of motion for the auxiliary scalar turns out to be
F
(
1− 1
2Λ4
FF¯
)
= 0. (101)
There are now two solutions:
(i) F = 0 , (102)
(ii) FF¯ = 2Λ4. (103)
Clearly, as it follows from eqs. (87,88,89), the first vacuum F = 0 is the supersymmetric one,
where supersymmetry is exact. However, the second vacuum, described by the solution (103),
explicitly breaks supersymmetry. We note that the theories with F = 0 and F 6= 0 should not be
thought as phases of the same theory but rather as two different theories. This can be illustrated
by the following example. Consider a scalar A and an auxiliary field Y with Lagrangian:
LAY = −1
2
∂µA∂
µA− 1
2
Y 2(aA2 + b) +
1
4
Y 4. (104)
Solving for Y we get two solutions: Y = 0, which gives the free scalar Lagrangian
LA = −1
2
∂µA∂
µA, (105)
and
Y 2 = aA2 + b, (106)
which gives the interacting Lagrangian
L′A = −
1
2
∂µA∂
µA− 1
4
(aA2 + b)2. (107)
No transition either perturbative or nonperturbative can occur between the two, precisely because
the equations for Y are algebraic, so they are truly two different theories.
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It should also be noted that the susy-breaking vacuum is specified by the modulus of the
auxiliary field F . So, F itself is specified only up to a phase. This is expected due to the
invariance of Lagrangian (95) under the global U(1) transformation
Σ→ eiφΣ. (108)
For completeness, we give the component form of Lagrangian (95)
LΣ = A∂2A¯− FF¯ + i∂µψ¯σ¯µψ + 1
2
PµP¯
µ +
1
2
√
2
(
χλ + χ¯λ¯
)
+
1
64Λ4
{
4(λα∂2λα)λ¯
2 + 2
√
2i(∂µχ¯σ¯
µλ)λ¯2 (109)
− 16F∂2Aλ¯2 + 8iF∂µPµλ¯2
+ 8∂2Aλ¯σ¯κλP¯κ + 4iλ¯σ¯
κσν σ¯µλP¯κ∂µPν
+ 8iλ¯σ¯κσµ∂µψ¯F P¯κ − 16∂µψ¯σ¯µλ∂νψσν λ¯+ 4i∂µψ¯σ¯µλP¯ 2
+
1
2
Ωββ˙αΩββ˙αλ¯
2 − 8iλ¯2P κ∂κF
+
√
2P¯µλ¯α˙σ¯
µα˙βΩββ˙ασ¯
κβ˙αPκ + 4iP
2∂µψσ
µλ¯+ P 2P¯ 2
− 8
√
2Fχ¯λ¯F¯ − 8FF¯PνP¯ ν − 2
√
2χσµλ¯PµF
+ 4iFPµλ¯σ¯
µσν∂νλ¯− 16iλσνλ¯F¯ ∂νF
+ 2
√
2P¯ν σ¯
νβ˙βΩββ˙αλ
αF¯ − 2Ωββ˙αχβλ¯β˙λα + 2
√
2i∂µλ¯ρ˙σ¯
µρ˙βΩββ˙αλ
αλ¯β˙
− 8i∂νψσν σ¯µλPµF¯ −
√
2λσµσ¯νχPµP¯ν − 2iλσκσ¯µσν∂ν λ¯PκP¯µ
− 8λσνλ¯Pν∂2A¯− 8iλσνλ¯Pν∂µP¯ µ
+ 16F 2F¯ 2 − 8
√
2λχF F¯ − 16iλσν∂ν λ¯F F¯
− 16λ2F¯ ∂2A¯− 16iλ2F¯ ∂µP¯ µ − λ2Ξ2
}
,
where
Ωββ˙α = −2
√
2iσ¯µβ˙β∂µλ
α − i
√
2ǫβασ¯µβ˙γ∂µλγ − ǫβαχ¯β˙ , Ωρρ˙σ = ǫρβǫρ˙β˙ǫσαΩββ˙α (110)
and
Ξβ = χβ +
√
2iσν
ββ˙
∂ν λ¯
β˙. (111)
We should note that Lagrangian (109) contains also first derivatives of the auxiliaries F, Pµ, χ.
Therefore, one may question if these fields are really auxiliaries. However, it can easily be checked
that these derivative terms are always multiplied by fermions. Therefore their equations of motion
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can be integrated by iteration in a power series of the fermions, which terminates due to the
nilpotent nature of the latter.
To identify the goldstino mode, one should look at the supersymmetry transformations and,
in particular, to the fermion shifts. It is then easy to recognize that since
δλα = 2 ξαΛ
2 + . . . , (112)
the goldstino of the broken supersymmetry is proportional to λ, i.e., one of the auxiliary fermions.
Here something unusual has happened; namely, an auxiliary fermion has turned into a goldstino
mode in the susy breaking vacuum. However, the latter is propagating and the vacuum (103)
should definitely give rise to a kinetic term for λ. Indeed, it is straightforward to see that the higher
dimensional operator Lagrangian gives rise to the following coupling for the auxiliary fermion λ
LEP ⊃ ( 1
4Λ4
FF¯ ) i∂µλ¯σ¯
µλ. (113)
In the susy breaking vacuum obtained from eq. (101) we have
< FF¯ >= 2Λ4, (114)
leading to a standard fermionic kinetic term with the correct sign
LEP ⊃ i
2
∂µλ¯σ¯
µλ. (115)
Therefore, on the susy breaking vacuum (103), the auxiliary fermion λ is propagating and it is
proportional to the goldstino mode of broken susy. Note that due to the model independent
relation (114), the kinetic term (115) for the goldstino is also model independent. In fact what
has happened here is that the susy breaking phase is a realization of non-linear supersymmetry.
We should also mention that the fermion bilinears χλ and χ¯λ¯ appear in the action as
LΣ ⊃ 1
2
√
2
(
1− FF¯
2Λ4
)(
χλ+ χ¯λ¯
)
. (116)
Such terms vanish on the non-supersymmetric vacuum and protect the theory from unwanted,
dangerous terms. Moreover, as in the spinor superfield and real multiplet case, there is no su-
perpartner of the goldstino. In fact, the propagating modes are the real scalar A, the fermion
ψ and the golstino λ, which definitely do not form a multiplet of the (broken) susy. The reason
again is that the rest of the fields of the complex linear multiplet are auxiliaries and therefore the
sgoldstino decouples.
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One could proceed and solve the field equations for the auxiliaries in (109). Although this is a
formidable task, there is an indirect way to proceed in superspace. We will show below that the
theory (109) describes a free chiral multiplet and a constraint chiral superfield which describes a
Volkov-Akulov mode. To see how this happens, let us remind briefly some aspects of non-linear
supersymmetry realizations. It is well known that the following Lagrangian [5]
L =
∫
d4θ XNLX¯NL +
√
2Λ2
(∫
d2θ XNL + h.c
)
+
(∫
d2θΨX2NL + h.c
)
(117)
is on-shell equivalent to the Akulov-Volkov theory. In fact, the Lagrange multiplier chiral superfield
Ψ imposes the constraint
X2NL = 0 (118)
on the chiral superfield XNL, leads to the non-linear realization of supersymmetry [3,5,6] and re-
produces the Volkov-Akulov model. The Lagrangian (117) gives rise to the following two equations
of motion in superspace
− 1
4
D¯2X¯NL +
√
2Λ2 + 2ΨXNL = 0, (119)
X2NL = 0. (120)
The theory we consider here is described by the Lagrangian
L = −
∫
d4θΣΣ¯ +
∫
d4θ
1
64Λ4
DαΣDαΣD¯α˙Σ¯D¯
α˙Σ¯ (121)
and the superfield equations of motion are written as
DαΣ +
1
32Λ4
DαD¯α˙
(
DβΣDβΣD¯
α˙Σ¯
)
= 0. (122)
These equations can equivalently be expressed as
Σ = − 1
32Λ4
D¯α˙
(
DβΣDβΣD¯
α˙Σ¯
)
+ Φ¯ (123)
where Φ is a chiral superfield. Hitting the above equation with D¯2 leads to a consistency condition
D¯2Φ¯ = 0, (124)
which implies that Φ is a free chiral superfield. In fact, Σ can be written as
Σ = H + Φ¯, (125)
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where H satisfies the equations of motion
H = − 1
32Λ4
D¯α˙
(
DβHDβHD¯
α˙H¯
)
. (126)
It is now straightforward to solve equation (126) in terms of a constrained chiral superfield subject
to (119) and (120) by identifying H (up to a phase) with the goldstino chiral superfield XNL
H = XNL . (127)
Let us verify that (127) indeed solves (126). From (120) one finds
DβXNLDβXNL = −XNLD2XNL, (128)
whereas, (119) gives
XNLD¯
2X¯NL = 4
√
2Λ2XNL, (129)
XNLD
2XNL = 4
√
2Λ2XNL + 8XNLX¯NLΨ¯. (130)
For the right part of (126), by using (127) we have
− 1
32Λ4
D¯α˙
(
DβXNLDβXNLD¯
α˙X¯NL
)
=
1
32Λ4
D¯α˙
(
XNLD
2XNLD¯
α˙X¯NL
)
=
1
32Λ4
D¯α˙
{(
4
√
2Λ2XNL + 8XNLX¯NLΨ¯
)
D¯α˙X¯NL
}
=
1
32Λ4
D¯α˙
{(
4
√
2Λ2XNL
)
D¯α˙X¯NL
}
=
1
4
√
2Λ2
XNLD¯
2X¯NL
= XNL,
where we have used the identities (120), (128), (129) and (130). Thus, the equations of motion for
the superfield Σ are solved in terms of a free chiral multiplet (D2Φ = 0), and a constrained chiral
superfield (H = XNL). Therefore, Σ describes on-shell a free chiral multiplet and a goldstino
superfield. We should note however, that although (127) is a solution, we have not proven that it
is unique.
The component fields of the Σ multiplet can be deduced from the relation
Σ = XNL + Φ¯. (131)
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From eq. (131) the fields F and λα of Σ are identified as the appropriate component fields of the
constrained chiral superfield XNL since
λα =
1√
2
DαΣ| = 1√
2
DαXNL| (132)
and
F = −1
4
D2Σ| = −1
4
D2XNL|. (133)
Thus, we can deduce their equations of motion just from the XNL. On-shell we have
XNL =
λ2
2F
+
√
2θλ+ θ2F (134)
with [3]
F = −
√
2Λ2
(
1 +
λ¯2
16Λ8
∂2λ2 − 3
256Λ16
λ2λ¯2∂2λ2∂2λ¯2
)
, (135)
iσ¯µα˙α∂µλα =
1
4Λ4
λ¯α˙∂2λ2 − 1
64Λ12
λ¯α˙λ2∂2λ2∂2λ¯2 − 1
64Λ12
λ¯α˙∂2(λ2λ¯2∂2λ2). (136)
Equation (136) is the equation of motion for the goldstino and eq.(135) is the solution for F in
terms of the goldstino as anticipated. From the chiral multiplet we can easily identify ψα as the
fermion of the chiral multiplet Φ, since
ψα =
1√
2
DαΣ¯| = 1√
2
DαΦ|. (137)
On-shell, Φ is a free chiral superfield so that
Φ = AΦ +
√
2θψ + θ2FΦ (138)
with
∂2AΦ = 0 (139)
σ¯µα˙α∂µψα = 0 (140)
FΦ = 0. (141)
Thus, ψα is a free massless fermion. From (131) we have, for the scalar component A of Σ
A = A¯Φ +
λ2
2F
, (142)
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so that this component of Σ is solved in terms of the free scalar of the chiral multiplet and the
goldstino. The last two auxiliary fields Pµ and χα can be specified similarly. For the complex
vector auxiliary Pµ we have
Pαα˙ = D¯α˙DαΣ| = D¯α˙DαXNL| = −2iσµαα˙∂µ
(
λ2
2F
)
(143)
whereas for χα we find
χα =
1
2
D¯α˙DαD¯
α˙Σ¯| = 1
2
D¯α˙DαD¯
α˙X¯NL| = iσµαα˙∂µλ¯α˙. (144)
Such a model of SUSY breaking can be considered as a hidden sector. Then, couplings to the
visible sector can be introduced through the interactions
Lint = − m
2
i
2Λ4
∫
d4θΣΣ¯ΦiΦ¯i − mg
4Λ4
∫
d4θΣΣ¯
(
W αWα + W¯α˙W¯
α˙
)
(145)
where Φi are chiral matter in the visible sector and Wα is the supersymmetric field strength of
vectors. In the susy breaking vacuum, mi, mg are just soft masses for the scalars of the chiral
multiplets of the visible sector and the gauginos, respectively.
6 Conclusions
It has been advocated in [1] that the addition of higher dimension operators to a supersymmetric
theory may lead to the appearance of new vacua, where only one of them is continuously connected
to the standard theory in the limit of removing the higher dimension operators. This is possible,
if the equations of motion for the auxiliaries have more than one solutions which satisfy the
appropriate conditions. In [1], some examples were discussed, none of which however realized
that proposal. Here we have provided an example, where the proposal works. This is achieved
by employing a complex linear multiplet, in which the quadratic term of its scalar auxiliary
fields has opposite sign of the corresponding term in a chiral multiplet action. Therefore, by
adding an appropriate ghost-free higher dimension operator, a potential is induced according
to [1,17–19]. This potential, has a second non-supersymmetric vacuum at a non-zero value of the
scalar auxiliary besides the supersymmetric one. In the susy breaking vacuum, the propagating
fields are the scalar and the fermion of the complex linear multiplet and the goldstino mode of the
broken supersymmetry. Interesting enough, the goldstino mode turns out to be one of the auxiliary
fermions of the complex linear multiplet, which now propagates in the new non-supersymmetric
vacuum. The coupling of this model to supergravity is an interesting project that we leave for
future work.
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APPENDIX
It should be noted that, instead of (94), one could consider the following more general La-
grangian
L′EP =
∫
d4θ
1
64
U(Σ, Σ¯) DαΣDαΣD¯α˙Σ¯D¯α˙Σ¯, (146)
where, U is a real, strictly positive, but otherwise arbitrary function of Σ and Σ¯ with mass
dimension (−4). As we will see in the moment, a potential emerges for the complex scalar A of
the complex linear multiplet Σ. The component form of the bosonic part of eq. (146) is
L′BEP =
1
64
U P µPµP¯ νP¯ν + 1
16
PµP¯
µUFF¯ + 1
4
UF 2F¯ 2, (147)
where U = U(A, A¯) = U(Σ, Σ¯)
∣∣∣. Then, the bosonic part of the Lagrangian
L′Σ = L0 + L′EP
=
∫
d4θ
(
−ΣΣ¯ + 1
64
U(Σ, Σ¯) DαΣDαΣD¯α˙Σ¯D¯α˙Σ¯
)
, (148)
is
L′B =− FF¯ + A∂2A¯− 1
2
PµP¯
µ
+
1
64
U P µPµP¯ νP¯ν + 1
16
PµP¯
µUFF¯ + 1
4
UF 2F¯ 2. (149)
From the equations of motion for the complex auxiliary vector we find again that
Pµ = 0, (150)
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whereas the equations of motion for the auxiliary scalar are now
F
(
1− U
2
FF¯
)
= 0. (151)
There are again two solutions:
(i) F = 0 , (152)
(ii) FF¯ =
2
U(A, A¯) . (153)
The first is the supersymmetric one while the second breaks supersymmetry. Plugging back
eqs. (150) and (151) into (149) we find
LB = A∂2A¯− 1U(A, A¯) . (154)
We see now that a potential has emerged
VEP = 1U(A, A¯) . (155)
For example one can have
U(A, A¯) = 1
Λ4 +m2AAA¯
(156)
where Λ is a mass scale. This case leads to a scalar potential
V = Λ4 +m2AAA¯ (157)
i.e to a mass for the scalar A. The minimum of potential (157) is at A = 0, which is a supersym-
metry breaking vacuum since
< FF¯ >= 2Λ4 6= 0. (158)
Another example is provided by
U(A, A¯) = 1
Λ4 + λ
4!
(
AA¯− µ2)2 , (159)
which gives rise to a potential
V = Λ4 +
λ
4!
(
AA¯− µ2)2. (160)
In this case, the U(1) global symmetry A → eiαA is broken at the vacuum AA¯ = µ2 where susy
is also broken because
< FF¯ >= 2Λ4 6= 0. (161)
In general, the complex scalar multiplet can have an arbitrary potential in the susy breaking
vacuum, specified by the arbitrary real positive function U(A, A¯).
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